Introduction
============

Gene duplication is the primary source of new genetic material ([@msx230-B57]), and has generated large proportions of existing genes in organisms from all three domains of life ([@msx230-B72]). In the simplest scenario, gene duplication produces an exact copy of an existing gene. Thus, genomes of species that diverged before the duplication event contain only the "ancestral" gene, whereas those that diverged afterward contain an "old" copy that is orthologous to the ancestral gene and a "young" copy that is the product of the duplication event. Theoretical studies predict that redundancy of duplicate genes results in relaxed selective constraint in one copy ([@msx230-B57]), typically leading to an accumulation of deleterious mutations and its pseudogenization within a few million years ([@msx230-B51]). Yet numerous duplicates have surpassed this time window, some by hundreds of millions of years ([@msx230-B27]; [@msx230-B50]; [@msx230-B64]; [@msx230-B13]; [@msx230-B56]; [@msx230-B58]; [@msx230-B72]). Moreover, duplicates often have essential biological functions ([@msx230-B40]; [@msx230-B69]; [@msx230-B20]) that in many cases are distinct from those of their ancestral genes ([@msx230-B20]; [@msx230-B3]; [@msx230-B4]). These observations, along with the sheer abundance of known duplicates, prompt questions about the contribution of natural selection to the functional evolution and long-term retention of duplicate genes.

One hypothesis is that duplicate genes are retained by conservation, whereby both copies maintain the ancestral function after duplication ([@msx230-B57]). Conservation may occur when increased dosage of the ancestral gene product is beneficial, and thus negative selection acts to preserve the ancestral function in both copies ([@msx230-B57]; [@msx230-B72]). Alternatively, the ancestral function may be maintained by gene conversion between duplicates ([@msx230-B72]), such that conservation is effectively a neutral transient state with a length that is dependent on the rate of nonallelic gene conversion. However, though either strong negative selection or frequent nonallelic gene conversion can potentially result in long-term retention of duplicate genes, conservation results in amplification of the ancestral function, rather than in the acquisition of a new function.

A second hypothesis is that duplicate genes are retained by subfunctionalization, in which the ancestral function is divided between copies ([@msx230-B28]; [@msx230-B67]). There are two popular models of subfunctionalization: escape from adaptive conflict (EAC) and duplication--degeneration--complementation (DDC). Under the EAC model, each duplicate acquires mutations that optimize a different ancestral subfunction, and such mutations are fixed by positive selection ([@msx230-B39]). In contrast, under the DDC model, degenerative mutations impair different ancestral subfunctions of both copies, but such mutations are selectively neutral due to the functional redundancy of duplicates ([@msx230-B28]). This model of subfunctionalization is particularly appealing because it explains how duplicate genes can be retained over millions of years of evolution in the absence of natural selection. Yet like conservation, subfunctionalization via either model cannot explain the acquisition of new duplicate gene functions.

Two hypotheses can explain both the long-term retention and functional novelty of duplicate genes. First, the duplicates can undergo neofunctionalization, in which one copy maintains the ancestral function and the other acquires a new function ([@msx230-B57]). Under neofunctionalization, beneficial mutations arise in one gene copy either as a product of the duplication event or during the hypothesized period of relaxed constraint after duplication, and such mutations are subsequently fixed by positive selection. The second hypothesis is specialization (i.e., subneofunctionalization), in which rapid subfunctionalization is followed by neofunctionalization ([@msx230-B38]; [@msx230-B61]). This hypothesis is particularly attractive because the loss of an ancestral subfunction may provide an opportunity for a beneficial function to arise. Thus, subfunctionalization enables fixation of duplicate genes under neutrality, while also uncovering new targets on which natural selection can later act.

Determining the genome-wide roles of these retention mechanisms is the first step in assessing whether natural selection influences the functional evolution of duplicate genes. Though early studies uncovered widespread asymmetric sequence evolution indicative of neofunctionalization ([@msx230-B22]; [@msx230-B11]; [@msx230-B44]; [@msx230-B47]), the recent availability of genome-scale functional data has enabled direct interrogation of duplicate gene functions for the first time. In a landmark study in *Drosophila melanogaster*, researchers used RNAi knockdown experiments to demonstrate that 30% of young duplicates have new and essential functions that are distinct from those of their ancestral genes ([@msx230-B20]). However, whereas this study highlights the prevalence of neofunctionalization in *D. melanogaster*, its overall importance is unclear, particularly as such experiments have not been performed in other species. Further, identification and comparison of duplicates retained by different mechanisms is key to disentangling the role of natural selection in their functional evolution.

In two recent studies, researchers used RNA-seq data to perform the first genome-wide classifications of duplicate gene retention mechanisms in *Drosophila* ([@msx230-B3]) and mammals ([@msx230-B4]). In particular, they quantified and compared spatial expression profiles between pairs of duplicates and their ancestral genes, with the assumption that tissue-specific changes in expression correspond to functional divergence. In *Drosophila*, they found that 65% of duplicates were retained by neofunctionalization, 19% by conservation, 15% by specialization, and only 1% by subfunctionalization ([@msx230-B3]). Additionally, new functions often arose within a few million years and primarily (91%) in young copies, particularly those duplicated by RNA-mediated mechanisms and expressed specifically in testis tissue ([@msx230-B3]; [@msx230-B2]). Thus, in *Drosophila*, neofunctionalization is the primary duplicate gene retention mechanism, typically occurs rapidly, leads to biased acquisition of new functions in young copies, may often result from beneficial mutations introduced by duplication events, and generates new testis-related functions. In contrast, 58% of mammalian duplicates were retained by conservation, 33% by neofunctionalization, 8% by specialization, and 1% by subfunctionalization ([@msx230-B4]). Moreover, functional divergence of mammalian duplicates occurred more gradually than in *Drosophila*, affected young and old copies at equal rates, and resulted in a diversity of novel gene functions ([@msx230-B4]).

The rapid functional divergence of duplicate genes in *Drosophila* compared with mammals is reminiscent of their relative rates of protein sequence evolution ([@msx230-B12]; [@msx230-B55]; [@msx230-B16]; [@msx230-B66]; [@msx230-B62]; [@msx230-B15]; [@msx230-B21]; [@msx230-B73]; [@msx230-B19]; [@msx230-B31]; [@msx230-B34]; [@msx230-B65]). Faster sequence evolution in *Drosophila* is thought to be attributed to a greater efficiency of natural selection, which is the product of the effective population size, *N*~e~, and strength of selection ([@msx230-B45]; [@msx230-B17]). In particular, because the *N*~e~ of *Drosophila* species are at least an order of magnitude larger than those of mammals ([@msx230-B52]), they are expected to evolve more quickly even when selection has the same strength. Thus, the difference between rates of functional divergence in *Drosophila* and mammalian duplicates implicates natural selection in the origin of new duplicate gene functions.

In the present study, we utilize population-genetic analyses to interrogate the role of natural selection in the functional evolution of young *Drosophila* duplicate genes. In particular, we investigate the types, targets, and timing of natural selection to answer the following questions: Are ancestral functions in young conserved duplicates maintained by negative selection, or by a neutral process such as gene conversion? Is there evidence of positive selection acting on young neofunctionalized or specialized duplicates? Does natural selection target coding or regulatory regions of young duplicates? When does natural selection act on young duplicates? Finally, is positive selection associated with the acquisition of testis-specific functions in young duplicates?

Results and Discussion
======================

Retention Mechanisms of Young *Drosophila* Duplicate Genes
----------------------------------------------------------

For our analyses, we required data on the retention mechanisms of young *Drosophila* duplicate genes. Thus, we utilized the data set of [@msx230-B3], which consists of 108 pairs of duplicates that arose in the *D. melanogaster* lineage after its split from *D. pseudoobscura* and, for each pair, the identities of young and old copies in *D. melanogaster* and of their ancestral gene in *D. pseudoobscura*, the phylogenetic age of the duplication event, and the hypothesized retention mechanism (69 neofunctionalized, 20 specialized, 18 conserved, and 1 subfunctionalized).

It is important to note that [@msx230-B3] classifications of retention mechanisms were made under the assumption that changes in spatial gene expression profiles correspond to changes in gene function. Though defining biological function is inherently challenging, particularly with any single measure, we chose to use expression profiles as proxies for function for three major reasons. First, RNA-seq data are available for the same six tissues in *D. melanogaster* and *D. pseudoobscura*, enabling straightforward comparisons between spatial gene expression profiles in the two species. Second, in contrast to other measures of gene function, expression profiles and differences between them are easily quantifiable. Third, gene expression profiles correlate to other metrics of gene function (e.g., [@msx230-B30], [@msx230-B75], [@msx230-B10], [@msx230-B29]; [@msx230-B5]). Indeed, as expected, differences in protein--protein interactions are consistent with classifications of retention mechanisms in *Drosophila* ([@msx230-B3]). Thus, though gene expression profiles are not synonymous with gene function, they are ideal proxies for our study.

Rates of Protein-Coding Sequence Evolution in Young *Drosophila* Duplicates
---------------------------------------------------------------------------

We first examined protein sequence divergence rates of young duplicates by estimating pairwise *K*~a~/*K*~s~ ratios between orthologs in *D. melanogaster* and *D. simulans* ([fig. 1](#msx230-F1){ref-type="fig"}; see Materials and Methods for details). Consistent with previous studies ([@msx230-B72]; [@msx230-B3]), all young duplicate genes display elevated *K*~a~/*K*~s~ ratios relative to single-copy genes (*P* \< 0.001, permutation test). Further, individual comparisons revealed that neofunctionalized, conserved, and specialized young duplicates each have higher *K*~a~/*K*~s~ ratios than single-copy genes (*P* \< 0.01, permutation tests). Thus, regardless of retention mechanism, protein-coding sequence divergence occurs rapidly in young *Drosophila* duplicates. However, though *K*~a~/*K*~s~ ratios of neofunctionalized genes are significantly greater than those of specialized genes (*P* \< 0.05, permutation test), there are no significant differences between *K*~a~/*K*~s~ ratios of conserved duplicates and those retained by either neofunctionalization or specialization. Hence, the only conclusion that can be made by comparing *K*~a~/*K*~s~ ratios across different retention mechanisms is that neofunctionalized duplicates likely evolve fastest at the protein-coding sequence level.

![Distributions of *K*~a~/*K*~s~ ratios between orthologous single-copy, conserved, specialized, and neofunctionalized genes in *D. melanogaster* and *D. simulans*. Two-sample permutation tests were used to assess significant differences between each pair of distributions. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](msx230f1){#msx230-F1}

Though informative about sequence evolutionary rates, there are several limitations of using *K*~a~/*K*~s~ ratios to draw conclusions about selective forces acting on duplicate genes. First, a *K*~a~/*K*~s~ ratios is computed on the entire protein-coding region of a gene. Because positive selection likely acts at specific sites, and negative selection may act at many (and perhaps most) other sites, there must be a strong signal to detect positive selection acting on a gene. Indeed, only three young *Drosophila* duplicates have *K*~a~/*K*~s~ \> 1, which is a signature of positive selection. This also means that elevated *K*~a~/*K*~s~ ratios can either be due to positive or relaxed selection, both of which have been hypothesized to contribute to the evolution of young duplicate genes. Second, power to detect positive selection may be even lower in our study because the data sets of conserved and specialized duplicates are quite small, as evidenced by overlapping notches in [figure 1](#msx230-F1){ref-type="fig"}, and we can only compute a single *K*~a~/*K*~s~ ratio for each gene. A last caveat is that *K*~a~/*K*~s~ ratios can only detect evolutionary changes occurring in protein-coding regions of genes. Yet natural selection may act on regulatory regions as well, resulting in gene expression divergence, which is thought to play a major role in phenotypic evolution. Thus, *K*~a~/*K*~s~ ratios may only provide a glimpse into the evolutionary histories of young duplicate genes.

Role of Natural Selection in the Evolution of Young *Drosophila* Duplicates
---------------------------------------------------------------------------

To investigate the types and genic targets of natural selection in young *Drosophila* duplicates, we implemented a Hudson--Kreitman--Aguadé (HKA) test ([@msx230-B43]), which uses a *X*^2^ test statistic to compare expected and observed counts of substitutions and polymorphisms between putatively neutral and nonneutral genomic regions. However, rather than designating neutral and nonneutral regions, we used a sliding window approach. In particular, we slid over the *D. melanogaster* genome one nucleotide (nt) at a time, comparing the substitution-to-polymorphism ratio within each 10,000-nt window to the genome-wide ratio, which represents a neutral reference. The benefits of using a sliding window are that it did not require us to decide which genomic regions are neutral or nonneutral, and it also provided us with substantially greater power, in that we obtained a *X*^2^ test statistic for every nucleotide of each region of interest, rather than a single test statistic for the entire region (see Materials and Methods for details).

The *X*^2^ test statistic from a HKA test is expected to be zero under neutrality, and greater than zero otherwise. However, following the approach of [@msx230-B42], we assigned each *X*^2^ test statistic a positive sign when there is an excess of substitutions, and a negative sign when there is an excess of polymorphisms. The advantage of this modification is that it enabled us to distinguish between evidence of positive and negative selection, which lead to relative excesses of substitutions and polymorphisms, respectively ([@msx230-B18]). Though an excess of polymorphisms can also be caused by balancing selection ([@msx230-B18]), we do not believe this to be a viable option in our study for two major reasons. First, our analysis focuses on groups of genes, rather than on individual genes. Because negative selection is widespread and balancing selection is rare, an overall excess of polymorphisms is more likely to be caused by pervasive negative selection than by balancing selection acting on a few genes. Second, a signature of balancing selection is an excess of intermediate-frequency variants. In contrast, site frequency spectra for all classes of genes are skewed toward low-frequency variants ([supplementary fig. S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online) and are similar to the genome-wide frequency spectrum ([@msx230-B41]), inconsistent with expectations under balancing selection. Using this rationale, we expect the distribution of signed *X*^2^ scores for a class of genes to be centered around zero (i.e., equal rates of substitution and polymorphism) under neutrality, a positive value (i.e., excess substitution) under positive selection, and a negative value (i.e., excess polymorphism) under negative selection.

A major advantage of the HKA test is that it can be performed on both coding and noncoding sequences, enabling us to investigate the role of natural selection in different genic regions. Thus, we examined distributions of signed *X*^2^ scores in coding regions, introns, 5′ UTRs, and 3′ UTRs of *D. melanogaster* single-copy, conserved, specialized, and neofunctionalized genes ([fig. 2](#msx230-F2){ref-type="fig"}). For single-copy genes, signed *X*^2^ scores are negatively biased in all genic regions (*P* \< 0.001 for all regions, sign tests). Thus, consistent with previous findings in *Drosophila* ([@msx230-B8]; [@msx230-B35]; [@msx230-B46]; [@msx230-B1]; [@msx230-B33]; [@msx230-B7]; [@msx230-B37]; [@msx230-B32]), all genic regions appear to be subject to selective constraint, highlighting the important role of negative selection in maintaining both protein function and its various forms of regulation. In contrast, duplicate gene classes display diverse patterns across genic regions.

![Distributions of signed *X*^2^ scores of single-copy, conserved, specialized, and neofunctionalized *D. melanogaster* genes in their (*A*) coding regions, (*B*) introns, (*C*) 5′ UTRs, and (*D*) 3′ UTRs. Two-sample permutation tests were used to assess significant differences between each pair of distributions. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001.](msx230f2){#msx230-F2}

In coding regions ([fig. 2*A*](#msx230-F2){ref-type="fig"}), signed *X*^2^ scores of conserved duplicate genes are also negatively biased (median =−13.56; *P* = 4.94 ×10^−324^, sign test), but are significantly more negative than those of single-copy genes (*P*\< 0.001, permutation test). Thus, coding regions of conserved duplicates appear to be under increased selective constraint, which is expected if amplification of the ancestral function is beneficial, but not if conservation is simply a product of a neutral process such as nonallelic gene conversion. Though signed *X*^2^ scores in coding regions of specialized duplicates are negatively biased as well (median =−0.88; *P* = 1.43 ×10^−277^, sign test), they are significantly less negative than those of conserved (*P*\< 0.001, permutation test) and single-copy (*P*\< 0.001, permutation test) genes. This pattern is consistent with the combined action of relaxed constraint and positive selection hypothesized to underlie specialization. Moreover, in contrast to all other classes, signed *X*^2^ scores in coding regions of neofunctionalized duplicates are positively biased (median =0.53; *P* = 9.88 ×10^−324^, sign test), and are also significantly greater than those of all other classes of genes (*P*\< 0.001, permutation tests). Hence, this result strongly supports the hypothesis that positive selection drives neofunctionalization.

In introns ([fig. 2*B*](#msx230-F2){ref-type="fig"}), signed *X*^2^ scores are negatively biased for all classes of duplicates, with an ordering of distributions opposite to that observed in coding regions. In particular, signed *X*^2^ scores are most negatively biased in introns of neofunctionalized genes (median =−4.71; *P* = 4.94 ×10^−324^, sign test), and are significantly more negative than those of single-copy genes (*P*\< 0.001, permutation test). Signed *X*^2^ scores in introns of specialized duplicates (median =−3.67; *P* = 2.85 ×10^−5^, sign test) are also significantly more negative than those of single-copy genes (*P*\< 0.001, permutation test), though less so than those of neofunctionalized duplicates (*P*\< 0.001, permutation test). Finally, signed *X*^2^ scores in introns of conserved duplicates are least negatively biased (median = −0.02; *P* = 2.48 ×10^−5^, sign test), and also significantly less negative than those of any other class of genes (*P*\< 0.001, permutation tests). Thus, selective constraint appears to be increased in introns of duplicates with new functions, and reduced in those with ancestral functions. However, the interpretation of this result is complicated by the strong association between intron presence and the retention mechanism of young *Drosophila* duplicates ([@msx230-B3]). In particular, conserved and specialized duplicates typically arose by DNA-mediated duplication, which produces complete gene copies, whereas neofunctionalized duplicates often originated via RNA-mediated duplication, which creates copies lacking introns and *cis*-regulatory sequences ([@msx230-B3]). Hence, many young neofunctionalized duplicates lost their introns as an immediate consequence of RNA-mediated duplication, which may have contributed to their acquisition of new functions. As a result, 66% of conserved, 85% of specialized, and 45% of neofunctionalized duplicates in our contain introns. Thus, comparing levels of selective constraint among intron sequences of different classes may be unfair, in that one must consider that selection likely also acted on the presence of the introns themselves, rather than solely on their sequence content.

In 5′ UTRs ([fig. 2*C*](#msx230-F2){ref-type="fig"}), signed *X*^2^ scores are negatively biased for all classes of duplicates as well. However, though differences between pairs of distributions are not all significant, the ordering of median signed *X*^2^ scores is consistent with that of coding regions. In particular, signed *X*^2^ scores in 5′ UTRs of conserved duplicates are most negatively biased (median =−1.62; *P* \< 10^−325^, sign test), though they are not significantly more negative than those of single-copy genes (*P*\> 0.05, permutation test). Moreover, signed *X*^2^ scores in 5′ UTRs of specialized duplicates are also negatively biased (median =−1.47; *P* = 1.52 ×10^−40^, sign test), and are significantly less negative than those of conserved (*P*\< 0.05, permutation test), but not single-copy (*P*\> 0.05, permutation test), genes. Signed *X*^2^ scores in 5′ UTRs of neofunctionalized duplicates are least negatively biased (median =−1.28; *P* = 1.44 ×10^−77^, sign test), and are also significantly less negative than both conserved (*P*\< 0.001, permutation test) and single-copy (*P*\< 0.05, permutation test), but not specialized (*P*\> 0.05, permutation test), genes. Thus, the patterns are weak, but generally supportive of the ordering observed in coding regions. Yet the only group that is significantly different from single-copy genes is neofunctionalized duplicates, which also have negatively biased *X*^2^ scores. Therefore, this difference suggests that divergence of 5′ UTRs of duplicate genes may occur via either relaxed constraint or weak positive selection.

In 3′ UTRs ([fig. 2*D*](#msx230-F2){ref-type="fig"}), both the biases and ordering of distributions of signed *X*^2^ scores are consistent with those of coding regions. Specifically, signed *X*^2^ scores in 3′ UTRs of conserved duplicates are most negatively biased (median = −5.02; *P* = 3.41 ×10^−74^, sign test), and are significantly more negative than those of single-copy genes (*P*\< 0.001, permutation test). Signed *X*^2^ scores in 3′ UTRs of specialized duplicates are also negatively biased (median = −0.99; *P* = 1.05 ×10^−43^, sign test), though significantly less negative than those of both conserved (*P*\< 0.001, permutation test) and single-copy (*P*\< 0.001, permutation test) genes. Finally, signed *X*^2^ scores in 3′ UTRs of neofunctionalized duplicates are positively biased (median = 0.26; *P* = 9.57 ×10^−17^, sign test), and significantly greater than those of all other classes of genes (*P*\< 0.001, permutation tests). Thus, these findings support the hypotheses that conservation is driven by negative selection, specialization by a period of relaxed selection followed by positive selection, and neofunctionalization by positive selection. Further, these trends suggest that 3′ UTRs play an integral role in the functional divergence of young duplicate genes, perhaps implicating miRNAs and regulatory binding proteins in their evolution.

Timing of Natural Selection after Duplication
---------------------------------------------

Next, we wanted to investigate the timing of natural selection on *Drosophila* duplicate genes. In particular, we were interested in whether duplicates generally experience a period of relaxed constraint after duplication, and when and how strongly natural selection acts. To address these questions, we applied the tree-based method RELAX, which tests whether selection is relaxed or intensified on focal branches relative to reference branches in a predefined tree ([@msx230-B70]. RELAX groups sites into two categories based on their *K*~a~/*K*~s~ ratios, and then computes the selection intensity parameter *K*, which is based on a comparison of the distributions of *K*~a~/*K*~s~ ratios between focal and reference branches. In particular, *K* = 1 under the null model and is allowed to differ under the alternative model, and a likelihood ratio test is used to compare models. *K* \< 1 indicates relaxed selection, whereas *K* \> 1 indicates directional (either positive or negative) selection, with larger *K* implying stronger selection.

To examine when selection acts post-duplication, we applied RELAX to *D. melanogaster* duplicates that arose after its divergence from *D. pseudoobscura* and *D. persimilis*, but before its divergence from *D. ananassae* (see Materials and Methods for details)*.* Using this age group enabled us to assess selection on four branches representing distinct evolutionary time points after duplication ([fig. 3*A*](#msx230-F3){ref-type="fig"}). For each analysis, we set one of these as the test branch and the remaining as reference branches. Thus, we obtained *K*-values and their associated *P*-values for each of the four test branches ([fig. 3*B*](#msx230-F3){ref-type="fig"}). For most duplicates, *K* \> 1 on branches 1 and 2, supporting the hypothesis that natural selection generally acts immediately or soon after duplication. Thus, the hypothesized period of relaxed constraint after duplication appears to be either short or absent in *Drosophila*, which is consistent with efficient natural selection ([@msx230-B52]), the significance of duplication-induced mutations in the functional divergence of duplicate genes ([@msx230-B3]; [@msx230-B2]), and the bias toward origin of new functions in young duplicates ([@msx230-B3]; [@msx230-B2]). Moreover, *K* varies on branch 3, but tends to be smaller than on branches 1 and 2, and *K* \< 1 on branch 4 for nearly all duplicates. Thus, *K* decreases with distance from the branch on which the duplication event occurred, suggesting that the strength of directional selection on duplicate genes weakens over time.

![Assessment of natural selection on branches representing four post-duplication time points for duplicates that arose in the *D. melanogaster* lineage after its divergence from *D. pseudoobscura* and *D. persimilis*. (*A*) Phylogenetic tree of 12 sequenced *Drosophila* species, with red stars indicating test branches used for each of four RELAX runs. (*B*) Intensity of selection for RELAX analyses with test branches 1--4 from (*A*). Circles indicate log~10~ (*K*) for each duplicate gene pair in a RELAX run with the indicated test branch, and lines connect circles from the same pair of duplicates. The horizontal dashed line depicts neutrality (*K* = 1), with points below the dashed line (*K* \< 1) indicating relaxed selection, and points above the dashed line (*K* \> 1) indicating intensified directional selection. Red circles indicate *P* \< 0.05 from the likelihood ratio test implemented by RELAX.](msx230f3){#msx230-F3}

Association between Natural Selection and Functions of Young *Drosophila* Duplicates
------------------------------------------------------------------------------------

Finally, we were interested in determining whether natural selection is associated with the acquisition of testis-specific functions in young *Drosophila* duplicate genes. However, we could not answer this question by assessing functions of duplicates that underwent selection in the past because we do not have knowledge of their past functions. In contrast, we do have insight about the current functions of genes. Thus, to directly address the association between natural selection and the current biological functions of duplicate genes, we examined functional enrichment in duplicates that underwent recent positive selection.

We identified genes that underwent recent positive selection with the haplotype-based statistic *nS*~L~, which can detect genomic regions that recently underwent either hard or soft selective sweeps, has higher power than other haplotype-based statistics under most selection scenarios and parameter values, and is robust to recombination rate estimation error and a variety of demographic factors ([@msx230-B26]). We applied *nS*~L~ to phased haplotypes from *D. melanogaster* (see Materials and Methods for details) and ranked normalized \|*nS*~L~\| scores for each chromosome. Of the 108 pairs of duplicates in our data set, there are 25 young and 33 old copies with at least one normalized \|*nS*~L~\| score within the top 5% of all scores. Accordingly, we split duplicates into those with (in top 5%) and without (not in top 5%) evidence of recent positive selection.

To assess the functional enrichment of these duplicate genes, we used GOrilla ([@msx230-B24], [@msx230-B25]), which compares gene ontology (GO) terms between target and background gene lists (see Materials and Methods for details). We used single-copy genes as our background and considered four targets: the 25 young duplicates with evidence of recent positive selection, the 83 young duplicates without evidence of recent positive selection, the 33 old duplicates with evidence of recent positive selection, and the 75 old duplicates without evidence of recent positive selection. Interestingly, the only target with significant GO enrichment is the one containing young duplicates with evidence of recent positive selection. Thus, we did not observe any functional enrichment in young duplicates without evidence of recent positive selection, or in old duplicates with or without evidence of recent positive selection. Moreover, functional enrichment was only found for GO terms related to reproduction (GO: 0032504, *P* \< 5.46 ×10^−5^; GO: 0000003, *P* \< 8.05 ×10^−5^; GO: 0044703; *P* \< 6.71 ×10^−5^), and four of the enriched genes (Acp36DE, Obp56i, CG31413, CG6690) encode seminal fluid proteins. This specific enrichment in young duplicates with evidence of recent positive selection suggests that positive selection may be associated with the acquisition of testis-related functions in young duplicates.

Conclusions
===========

The role of natural selection in the evolution of duplicate genes has been a topic of extensive debate during the past few decades (e.g., [@msx230-B51], [@msx230-B52]; [@msx230-B63]). On one hand, the theoretical basis for the fixation and long-term retention of duplicate genes under neutrality is strong ([@msx230-B51], [@msx230-B52]). However, empirical findings contrast such predictions, with numerous examples of widespread asymmetric sequence divergence between duplicates ([@msx230-B22]; [@msx230-B11]; [@msx230-B44]; [@msx230-B47]), natural selection acting on young duplicates (Malik and Henikoff 2001; [@msx230-B48]; [@msx230-B74]; [@msx230-B9]; [@msx230-B49]; [@msx230-B36]), and gene expression divergence consistent with neofunctionalization ([@msx230-B20]; [@msx230-B3], [@msx230-B4]). Yet whereas such findings suggest that natural selection underlies the long-term retention of many duplicate genes, they do not provide insight into its types, targets, timing, or association with functional outcomes.

In our study, we address these questions by directly linking natural selection with the evolutionary retention mechanisms of young *Drosophila* duplicate genes. Together, our findings implicate natural selection as a key player in the functional evolution of young *Drosophila* duplicates. In particular, HKA tests are generally consistent with the hypotheses that conservation is driven by negative selection, specialization by both relaxed constraint and positive selection, and neofunctionalization by positive selection. Moreover, support for these hypotheses is strongest in protein-coding regions and 3′ UTRs of duplicates. Thus, selection may act primarily on encoded proteins and regulatory sequences found in 3′ UTRs, which most notably include miRNA binding sites. Further, our RELAX results suggest that natural selection acts immediately after duplication and weakens over time. This finding is consistent with efficient natural selection in *Drosophila* ([@msx230-B52]), an important role of duplication-induced mutations in the functional evolution of duplicate genes ([@msx230-B3]; [@msx230-B2]), and the bias toward origin of new functions in young duplicates ([@msx230-B3]; [@msx230-B2]). Finally, young duplicate genes predicted to have undergone recent positive selection by the haplotype-based *nS*~L~ statistic are enriched in reproduction and spermatogenesis-related functions. Thus, this analysis supports an association between positive selection and testis-related functions in *Drosophila*. In summary, our findings indicate that natural selection likely determines whether and how young duplicates will be retained, primarily targets their protein-coding regions and 3′ UTRs, acts immediately after duplication and weakens over time, and may be involved in the origin of novel testis-specific phenotypes in *Drosophila*.

Materials and Methods
=====================

Genomic Data Sets
-----------------

Reference genome annotation and sequence data from *D. melanogaster* (version 5.49), *D. simulans* (version 2.01), *D. sechellia* (version 1.3), *D. yakuba* (version 1.05), *D. erecta* (version 1.05), *D. ananassae* (version 1.05), *D. pseudoobscura* (version 3.03), *D. persimilis* (version 1.3), *D. willistoni* (version 1.3), *D. mojavensis* (version 1.3), *D. virilis* (version 1.2), and *D. grimshawi* (version 1.3) were downloaded from FlyBase at <http://www.flybase.org>, last accessed September 5, 2017. Polymorphism data for 205 *D. melanogaster* inbred lines were downloaded from the *Drosophila* Genetic Reference Panel (DGRP) website at <http://dgrp2.gnets.ncsu.edu>, last accessed September 5, 2017 ([@msx230-B53]; [@msx230-B41]). A list of 7,131 single-copy orthologs in *D. melanogaster* and *D. pseudoobscura*, and a data set of 108 pairs of *D. melanogaster* duplicate genes that arose after its split from *D. pseudoobscura* (including identities of young and old copies and of ancestral *D. pseudoobscura* genes, inferred phylogenetic ages, and classifications of evolutionary retention mechanisms), were obtained from [@msx230-B3]. For each pair of duplicates in this data set, [@msx230-B3] distinguished the young and old copy by the presence and absence, respectively, of orthologs in the 12 sequenced *Drosophila* species, which were assigned based on sequence conservation and synteny ([@msx230-B23]).

Sequence Analyses
-----------------

One-to-one orthologs between all protein-coding genes in *D. melanogaster* and each of the other 11 sequenced *Drosophila* species were obtained from a recent table of FlyBase orthologs (2016, version 1), which were assigned based on sequence conservation and synteny ([@msx230-B23]). We used MACSE ([@msx230-B60]) to perform pairwise sequence alignments of all *D. melanogaster* and *D. simulans* orthologs, as well as multiple alignments of *D. melanogaster* duplicate genes and all of their available *Drosophila* orthologs.

Evolutionary Analyses
---------------------

Of the 108 young duplicates in our data set, 18 arose after the divergence of *D. melanogaster* from *D. simulans* and *D. sechellia* ([@msx230-B3]), and therefore do not have orthologs in *D. simulans* and could not be used in *K*~a~/*K*~s~ or HKA analyses. Pairwise *K*~a~/*K*~s~ ratios between protein-coding sequences of all *D. melanogaster* and *D. simulans* orthologs were estimated using PAML ([@msx230-B71]).

We used reference genome sequences of *D. melanogaster* and *D. simulans*, as well as *D. melanogaster* DGRP polymorphism data, to perform the described sliding window HKA test. To minimize the impact of small sample size on variance, we used a step size of 1 nt and a sliding window of 10,000 nt, though window sizes of 1,000, 50,000, and 100,000 nt all produced similar patterns. Reference annotation data were used to map signed *X*^2^ scores to coding regions, introns, 5′ UTRs, and 3′ UTRs of *D. melanogaster* genes. Introns containing "nested" protein-coding genes, which represent ∼10% of *D. melanogaster* genes ([@msx230-B6]), were removed. To maximize power, we included all *X*^2^ scores obtained from windows for which the middle position fell within a particular region of interest, resulting in 10,551,784 *X*^2^ scores in protein-coding sequences, 2,346,748 *X*^2^ scores in 5′ UTRs, 4,088,184 *X*^2^ scores in 3′ UTRs, and 29,345,299 *X*^2^ scores in introns.

For RELAX analyses, we reconstructed the most complete species phylogeny for each pair of *D. melanogaster* duplicate genes. Specifically, we required the presence of both members of a pair of duplicates on all four test branches of the tree (see [fig. 3*A*](#msx230-F3){ref-type="fig"}). We also required the presence of an ortholog of the ancestral *D. pseudoobscura* gene in at least one outgroup species of *D. melanogaster* and *D. pseudoobscura* (*D. willistoni*, *D. mojavensis*, *D. virilis*, or *D. grimshawi*), and included all available orthologs to ensure maximum power. Using this approach, we were able to construct trees for 28 of the 29 duplicates in this age group.

We used selscan ([@msx230-B68]) to calculate the haplotype-based statistic *nS*~L~ ([@msx230-B26]) and scan the *D. melanogaster* genome for recent soft and hard selective sweeps. Haplotypes were obtained from DGRP polymorphism data, and Beagle ([@msx230-B14]) was used to impute missing data. All scans were run with default parameters, and unstandardized *nS*~L~ scores were frequency-normalized over all chromosomes. For individual chromosome arms, the standard *nS*~L~ was calculated as described by [@msx230-B26].

GO Analyses
-----------

We performed all GO analyses with the GOrilla tool found at <http://cbl-gorilla.cs.technion.ac.il/>, last accessed September 5, 2017 ([@msx230-B24], [@msx230-B25]). We ran GOrilla four times on two unranked lists of genes, with single-copy genes as the background list for all runs. As our target sets, we used young duplicates with evidence of recent positive selection, young duplicates without evidence of recent positive selection, old duplicates with evidence of recent positive selection, and old duplicates without evidence of recent positive selection. For each run, we output results for all enriched GO categories (process, function, and component) and set the *P*-value threshold to *P* = 10^−3^.

Statistical Analyses
--------------------

All statistical tests were performed in the R software environment ([@msx230-B59]). Two-sample permutation tests were used to assess pairwise differences between all distributions compared in [figures 1](#msx230-F1){ref-type="fig"} and [2](#msx230-F2){ref-type="fig"}. For each test, the median was used as the test statistic, and 1,000 permutations were performed. This procedure was repeated at least three times to ensure that *P*-values were consistent across tests. Sign tests were used to assess whether distributions of signed *X*^2^ scores deviate significantly from zero.

Supplementary Material
======================

[Supplementary data](#sup1){ref-type="supplementary-material"} are available at *Molecular Biology and Evolution* online.
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